The pattern of cytochrome oxidase, acetylcholinesterase, and NADPH-diaphorase activity was studied in the supratemporal plane, the posterior part of the superior temporal gyrus, and the insula of normal human brains. 
INTRODUCTION
Human cerebral cortex found to respond to auditory stimuli comprises the supratemporal plane, the posterior two-thirds of the superior temporal gyrus, and parts of the supramarginal and angular gyri and of the fronto-parietal operculum (Celesia, 1976) . The first stages of auditory cortical processing occur in the supratemporal plane and in adjacent parts of the superior temporal gyrus; often these regions are referred to as the auditory cortex, whereas the supramarginal and angular gyri and the parietal operculum on the left side are believed to be involved in the more specific analysis of language.
The human auditory cortex is currently subdivided into several architectonically defined areas. The number of these areas as well as their extent and exact position vary between authors. Using cytoarchitectonic criteria, Brodmann (1909) distinguished three areas, called 41, 42, and 22; and von Economo and Koskinas (1925) four, TC, TD, TB, and TA. Using the pattern of lipofuscin staining, Braak (1978) defined four areas (areae temporalis granularis, paragranularis, magnopyramidalis centralis, magnopyramidalis medialis). Combining cyto-and myeloarchitecture, Galaburda and Sanides (1980) identified in the same region eight areas (KAm, KAlt, PaAi, PaAc/d, PaAe, PaAr ProA, Tpt). Rademacher et al. (1996) identified six anteroposterior belts of three areas each on the supratemporal plane and the superior temporal gyrus and within the superior temporal sulcus. Brodmann's area 41 (1909) , which corresponds to TC of von Economo and Koskinas (1925) and to KAm plus KAlt of Galaburda and Sanides (1980) , is commonly accepted to be the primary auditory area (A1) and can be distinguished from the surrounding cortex by its cyto-(see above) and myeloarchitecture (Vogt and Vogt, 1919) . Peroperatory recordings demonstrated that evoked potentials to clicks had higher amplitudes and shorter latencies in A1 than in the surrounding cortex (Celesia, 1976; Liegeois-Chauvel et al., 1991) . Retrograde degeneration studies carried out in cases with circumscribed cortical lesions indicated that human A1 receives input from the parvocellular subdivision of the medial geniculate nucleus (Van Buren and Borke, 1972) .
The cortex around the primary auditory area contains probably several other auditory areas as indi-cated by changes in cortical architecture (Galaburda and Sanides, 1980) . These changes are, however, not clear enough to serve for unequivocal identification of areas and different authors subdivide the supratemporal plane in different ways. Additional evidence for multiple auditory areas comes from electrophysiological studies. Peroperative recordings of evoked potentials in the auditory cortex show differences in response characteristics in A1 and in the surrounding cortex (Celesia, 1976) , and the existence of excitatory connections from the primary auditory area to the surrounding cortex (Liegeois-Chauvel et al., 1991) .
We have analyzed the cortical architecture of the human supratemporal plane and insula in cytochrome oxidase, acetylcholinesterase, and NADPH-diaphorase staining and found evidence for the presence of eight distinct cortical areas. Preliminary results were published in abstracts (Rivier and Clarke, 1996; Clarke and Rivier, 1997) .
MATERIAL AND METHODS
The pattern of cytochrome oxidase staining was studied in the supratemporal and insular cortex of 5 human brains (cases 1-5). Additionally, the acetylcholinesterase and NADPH-diaphorase staining patterns were analyzed in two of them (cases 1 and 2). All subjects died from acute cardiac problems (Table 1) and had no known neurological diseases or hearing complaints. Their ages were between 70 and 90 years.
Time between death and fixation varied between 8 and 12 hours (Table 1) . Each brain was taken from the skull and perfused simultaneously through the left and right internal carotid and the basilary arteries. First, the blood was washed out as much as possible with heparin in 0.9% NaCl solution. Then followed perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 45 to 60 min. During the whole perfusion procedure, the brain was held in a skull-shaped container, made of perforated plastic, to avoid distortions of the unfixed tissue. After perfusion the brains were photographed in standard views and each hemisphere in medial view. Brains of cases 1, 2, and 5 were cut into 20-mm-thick slices; the slices were photographed in a coordinate frame, so as to record anteroposteriorly corresponding points. The slices were postfixed for 15 to 36 h in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and kept in phosphate buffer (pH 7.4) with increasing concentrations of saccharose (10-30%) for 4-13 days. The whole temporal, insular, and occipital lobes of both hemispheres were cut frozen in sets of coronal sections. Each set comprised five 80-µm-thick sections (three used for cytochrome oxidase and 2 for NADPH-diaphorase staining) and fifteen 40-µm-thick sections (used for Nissl and acetylcholinesterase staining). During cutting, photographs of the frozen block were taken between each set (i.e., every 1 mm); this allowed us to correct later for distortions due to histological procedures. Brains of cases 3 and 4 were used for flattening of the superior part of the temporal lobe. Immediately after the perfusion, the superior temporal gyrus, Heschl's gyrus, the plana temporale and polare, and the insula were dissected from both hemispheres. Cuts were introduced into the white matter under the gyri and the cortex was gently spread and flattened between two parallel glass slides. The flattened pieces were postfixed for 15 h and kept in phosphate buffer with increasing concentrations of saccharose (10-30%) for 4 to 14 days. Frozen 80-µm-thick sections were cut tangentially to the flattened cortical surface; photographs of the frozen block were taken between each section. All sections were stained for cytochrome oxidase.
For cytochrome oxidase histochemistry, 80-µm-thick coronal or tangential serial sections were processed floating (modified from Seligman et al., 1968) . In cases 1 and 2, additional sections, adjacent to the floating ones, were processed mounted on glass slides. For both procedures, sections were incubated in a solution of 0.03% cytochrome C (type III, Sigma), 0.05% diaminobenzidine, and 4% saccharose in 0.1 M phosphate buffer (pH 7.4) at 37°C for 16 to 24 h, rinsed in the same phosphate buffer, mounted, air-dried, dehydrated, and coverslipped. Selectivity of the cytochrome oxidase reaction was assessed as described in a previous report (Clarke, 1994) . For acetylcholinesterase histochemistry (Emre et al., 1993) , 40-µm-thick sections were mounted on glass slides and air-dried. They were rinsed six times in 0.1 M acetate buffer (pH 5.5), incubated for 5 to 6 h in a solution of 0.0072% ethopromazine, 0.075% glycine, 0.05% copper sulfate, 0.24% acethylthiocholine iodide, and 0.68% sodium acetate (pH 5.5; on a rocking table, at room temperature), and rinsed six times in 0.1 M acetate buffer (pH 5.5). The sections were developed in a solution of 3.8% sodium sulfide in 0.1 N HCl (pH Note. All patients died from causes unrelated to the brain and had no brain lesions. In all cases both hemispheres were analyzed. 7.8), rinsed six times in 0.1 M acetate buffer (pH 5.5), and intensified in a 1% of silver nitrate solution. They were then rinsed in H 2 O, dehydrated in graded alcohols, cleared in xylol, and coverslipped. For NADPHdiaphorase histochemistry, 80-µm-thick coronal sections were processed floating (modified from DeFelipe, 1993) . They were stored overnight in 50 mM Tris-HCl buffer (pH 7.4) and then incubated for 5 h at 37°C in a solution of 1 mM ␤-NADPH, 0.5 mM nitrobluetetrazolium, and 0.1% Triton X-100 in 50 mM Tris-HCl buffer (pH 8.0). They were then rinsed first in 50 mM Tris-HCl buffer (pH 7.4) followed by 0.1 M phosphate buffer (pH 7.4). They were mounted, dehydrated, and coverslipped. Specificity of the reaction was tested by omitting either ␤-NADPH or nitrobluetetrazolium from the incubating medium; in either case no staining was obtained. Adjacent 40-µm-thick sections were stained with cresyl violet.
Analysis of Staining Patterns
The pattern of cytochrome oxidase staining was studied in two ways. (i) Images of sections were captured with either a XRS Omnimedia scanner linked to a Sun Classic or with a Canon monochrome video TV camera (M420) mounted on a Wild Makroscop (Ci-20PM). The files were then imported on a Power Macintosh 7100 and analyzed by digital image processing (NIH Image 1.59ppc). The patterns of staining were studied in pseudocolor images and in densitometric profiles either in tangential or radial strips of cortex. The densitometry was calibrated within the individual section (see Fig. 7 ). The density was indicated in arbitrary units along the y-axis; values left to layer I corresponded to the optical density of the glass slides and mounting medium, the peak to the maximum within the region measured.
(ii) Sections were observed under bright-field illumination or using differential interference contrast microscopy (according to Nomarski), and photographs were taken at different locations. Cortical architecture was studied in adjacent Nissl-stained sections. The distribution of NADPH-diaphorase-positive neurons was charted in selected regions of the cortex using either a camera lucida or low magnification photomicrographs. The distribution of acetylcholinesterase-positive neurons and nerve fibers was studied in selected regions of the cortex and documented by photomicrographs.
Talairach Coordinates
Individual human brains vary considerably in size and shape. This represents a serious problem for comparison of data collected in different individuals. Talairach and Tournoux (1988) introduced a proportional grid and a coordinate system anchored in the forebrain commissures. Three standard planes are defined: two coronal planes through the anterior and posterior commissures and a horizontal plane through both. The hemispheres are subdivided into ''cuboids'' (orthogonal parallelepipeds) that result from the intersections of 12 horizontal slices (4 below and 8 above the bicommissural plane), 11 coronal slices (4 anterior to the anterior commissure, 3 between the anterior and posterior commissures, 4 posterior to the posterior commissure), and 8 sagittal slices (4 for each hemisphere). We have determined the position of the corresponding planes and cuboids in our experimental brains. From the position of a point within a given cuboid in the experimental brain we calculated the equivalent point in the corresponding cuboid in the reference brain by linear mapping.
For each putative cortical area described below the Talairach and Tournoux (1988) coordinates of the center of this area were determined (Table 5 ). In a first step, each area represented in the flat reconstructions of cases 1 and 2 (Figs. 3 and 4) was approximated by a polygon and its center of gravity was determined. The center of gravity was then reported on the corresponding histological section and hence on the photograph of this section during cutting. The x, y, and z coordinates were determined by applying the proportional stereotaxic grid and linear mapping between corresponding cuboids. Note. All these criteria remain reliable in partially obliquely cut cortex. For illustrations, see Figure 1 . and Koskinas (1925) and von Economo and Horn (1930) were delineated on the supratemporal plane and on the insula of coronally cut brains (cases 1, 2, 5). The detailed descriptions by von Economo and his collaborators were based on sections that were essentially perpendicular to the pial surface. When working with serially cut material, relevant parts of cortex may be cut obliquely, and certain cytoarchitectonic criteria, such as thickness of layers, can no longer be used. Other criteria, such as presence of large neurons in certain layers or special cellular arrangements, remain reliable and were used by us ( Fig. 1 ; Table 2 ). The location of distinct architectonic areas was as described by von Economo and Horn (1930) . Area TC was found on Heschl's gyrus in all hemispheres (see also Rademacher et al., 1993) , surrounded posterolaterally by area TB, anteromedially by area TG, and posteromedially by area TD. Area TA surrounded the posterolateral part of area TB and the anterolateral part of area TC. Area IB was found in the posterior part of the insula, area IA in the anterior part.
RESULTS

Cytoarchitectonic areas, as described by von Economo
Cytochrome Oxidase Pattern
Cytochrome oxidase was revealed in individual cortical neurons and in the neuropil (Fig. 2B ). The intensity of staining varied between layers. A dense band was found in midcortex, corresponding to layer IV in some regions and to layers III and IV in others; its upper and lower limits were gradual (Fig. 3 ). Layers I, II, V, and VI were always lighter than the midcortical band.
The overall intensity of the staining was darker in some regions. The boundaries between dark and light regions were not sharp, the changes occurring gradually over 0.5 to 2 mm. Five darkly stained regions were prominent in all hemispheres. The first dark region, relatively large, was found on Heschl's gyrus; it was coextensive with area TC and corresponded to the primary auditory cortex (A1). The second dark region, rather small, was on the planum polare anterior to Heschl's gyrus within area TC/TG. The third dark region, relatively small, was posterior to Heschl's gyrus within the posterior part of area TA. The fourth dark region was on posterior convexity of superior temporal gyrus within the lateral part of area TA. The fifth dark region, elongated in shape, was on posterior insula, more or less coextensive with area IB. Three lightly stained regions were found between or next to the dark regions. The first light region was large and lay lateral to Heschl's gyrus comprising large parts of area TB. The second light region was medial to Heschl's gyrus within areas TD. The third light region was on the anteroinferior part of the insula, corresponding to area IA. These dark and light cytochrome oxidase regions were present in all hemispheres analyzed and in similar positions. Figures 4 and 5 show the pattern of cytochrome oxidase staining within the superior part of the temporal lobe and the insula in the left and right hemispheres of cases 1 and 2 and relate the dark and light regions to the cytoarchitectonic map. A similar disposition of dark and light cytochrome oxidase regions was observed in tangential sections through the left and right hemispheres of cases 3 and 4 (partially shown in Fig. 6 ).
The dark and light regions may correspond to distinct cortical areas. This was confirmed by differences in cytoarchitecture (see above), the different radial distribution of the cytochrome oxidase, and the different acetylcholinesterase patterns (see below) between some of these areas. We propose to refer to these putative areas outside A1 as AA (anterior area, corresponding to the second cytochrome oxidase dark region within TC/TG); PA (posterior area, corresponding to the third dark region within the posterior part of TA); STA (superior temporal area, corresponding to the fourth dark region within the lateral part of TA); PIA (posterior insular area, corresponding to the fifth dark region in IB); LA (lateral area, corresponding to the first light region within TB); MA (medial area, corresponding to the second light region within TD); and AIA (anterior insular rea, corresponding to the third light region within IA).
FIG. 3.
Photomicrographs showing darkly stained regions that may correspond to individual auditory areas. A1 is on the Heschl's gyrus; area AA, anterior to Heschl's gyrus; area STA, on posterior convexity of superior temporal gyrus; area PIA, on posterosuperior insula. Under each photomicrograph is shown the densitometric profile through a 14-µm-wide strip of cortex within the darker midcortical band (arbitrary units of density in abscissa). Asterisks mark regions that were considered boundaries. Note that changes in cytochrome oxidase staining at region boundaries occurred gradually. All examples are from case 2; A1 and areas AA and PIA are from the right hemisphere, areas STA and A1-LA from the left. Note that staining within A1 is not uniform; a peak is present in mid-A1, corresponding to the more granular subpart TC1.
The radial profiles of the cytochrome oxidase staining density were analyzed within the cortical areas. Figure 7 shows representative samples from five areas. Multiple samplings within a given area showed that the same type was found in its whole extent. Furthermore, the same type of profile was associated with the same area in the two hemispheres and in different cases. In A1, the midcortical dark band was centered on layer IV; two other bands were found in layers II and VI. The cortex above and below the midcortical band did not differ much in staining density. Areas AA and LA had very similar profiles; the midcortical band was centered on the boundary between layers III and IV and the cortex above and below it had roughly the same density. In area STA the midcortical dark band was relatively discrete and centered on the boundary between layers III and IV; the cortex above it was darker than the cortex below it. In PIA the mid-cortical dark band was centered on IV; the cortex above and below had similar densities. Systematic analysis of samples from the supratemporal and insular cortices uncovered three basic types of radial cytochrome oxidase profiles. Type alpha was characterized by a prominent dark band centered on layer IV; it was found in A1 and in area PIA. Type beta had a less prominent dark band which was centered on the boundary between layers III   FIG. 4 . Flat reconstruction of the superior part of the temporal lobe and of the insula of the right hemisphere in cases 1 and 2 showing the distribution of dark cytochrome oxidase regions (top parts) and their relationship to cytoarchitectonic subdivisions (bottom parts). Dark and light cytochrome oxidase regions were delimited in coronal sections at 16 (case 1) and 15 (case 2) rostrocaudal levels (3 adjacent cytochrome oxidase sections were analyzed per level) and projected onto a line running halfway through layer IV (black boxes, dark regions; open boxes, medium light regions). Individual sections, represented here by full lines, were aligned along the inferior circular sulcus (cs-i). Thin lines indicate the superior circular sulcus (cs-s), the inferior lip of the sylvian fissure (sf-i), the superior lip of the superior temporal sulcus (sts-s), and the fundus of the superior temporal sulcus (sts-f). Heschl's gyrus is delimited by sulci temporalis transversus primus (medially) and secundus (laterally); on the reconstruction it is found between cs-i and sf-i. In the bottom parts, dark cytochrome oxidase regions (black boxes in the upper part) are represented by different shading according to the auditory area they belong to (boundaries of auditory areas in thin lines, abbreviation of their names white on black). Cytoarchitectonic areas according to von Economo and Koskinas (delimited by thick lines) are indicated in italics. and IV; it was found in areas AA, PA, LA, MA, and AIA. Type gamma had a relatively faint band centered on the boundary between layers III and IV and the cortex above it was darker than the cortex below it; it was found only in area STA.
The sizes of areas were measured in cases 1 and 2 (both hemispheres; Table 3 ). The smallest measure for the smallest area was 0.4 and the largest measure for the largest area was 4.5 cm 2 . The size range was 2.3 to 3.1 cm 2 for A1, 0.6 to 1.1 cm 2 for AA, 0.4 to 1.1 cm 2 for PA, 2.7 to 3.1 cm 2 for LA, 2.1 to 2.7 cm 2 for MA, 1.0 to 1.5 cm 2 for STA, 0.6 to 3.8 cm 2 for PIA, and 2.8 to 4.5 cm 2 for AIA. The size of A1 was similar between subjects; in case 1 it had a similar size on either side, whereas it was slightly larger on the right side in case 2. For AIA small side differences were found, but the larger side was on the left in case 1 and on the right in case 2. For AA and PA, side differences greater than 30% were observed in case 2 but not in case 1. STA and PIA were larger on the right side by more than 30% (i.e., R-L/ R Ͼ 0.3) in both cases.
The relative sizes of the above areas were compared in two ways. First, they were compared to the sum of the surface areas of the identified areas. A1 occupied 14 to 19%, AA 4 to 7%, PA 3 to 6%, LA 15 to 22%, MA 12 to 20%, STA 7 to 16%, PIA 4 to 19%, and AIA 16 to 23%. Second, the size of a given area was scaled to the size of A1 in the corresponding hemisphere. AA and PA were each 0.2 to 0.4 times A1, LA 0.9 to 1.3, MA 0.8 to 1.2, STA 0.6 to 1.2, PIA 0.4 to 1.2, and AIA 1.2 to 1.6.
Acetylcholinesterase Pattern
The pattern of acetylcholinesterase staining was studied in serial coronal sections through the supratemporal plane and the insula from both hemispheres of cases 1 and 2. The superior temporal and the insular cortices contained a relatively high density of acetylcho- linesterase positive neurons and fibers (Fig. 2C) . The pattern of staining varied; the variations appeared to be related to cytoarchitectonic areas and to cortical areas defined by the cytochrome oxidase pattern. Figure 8 shows samples from A1 and from five other areas.
Area TC (corresponding to A1) contained a rather dense fiber network, concentrated in lower layer I and upper layer IV. Only a few neurons were stained in layers III and V. The transitional area TC/TG (corresponding to AA) was similar to A1, but the fiber staining was less prominent and a small number of lightly stained pyramidal neurons were found in layer III. Area TB (corresponding to area LA) was rather poor in fibers, but contained darkly and lightly stained pyramidal neurons in layer III. Area TD (corresponding to area MA) contained a fiber network at the layer I/II boundary and in layer VI as well as some rather lightly stained pyramidal neurons in layer III. The lateral part of area TA (corresponding to area STA) was characterized by a large number of darkly stained neurons in layers III and V and relatively light fiber staining. Area IB (corresponding to area PIA) contained few stained fibers, notably in layer I, and a relatively small number of stained neurons in layers III and V. Area IA (corresponding to area AIA) was poor in fiber staining, but contained numerous darkly and lightly stained neurons in layers III, V, and VI. The different staining pattern that we observed could be classified according to the predominance of fiber versus neuronal somata staining (Table 4) . Fiber staining predominated in area TC (corresponding to A1) and the transitional area TC/TG (corresponding to the area AA). Neuronal somata staining predominated in area TB (corresponding to area LA), in the lateral part of area TA (corresponding to area STA), and in area IA (corresponding to area AIA). Fiber and neuronal somata staining of comparable importance was found in the posterior part of area TA (corresponding to area PA), area TD (corresponding to area MA), and in area IB (corresponding to area PIA).
NADPH-Diaphorase Pattern
The distribution of NADPH-diaphorase-positive elements was studied in serial coronal sections of the temporal lobe and of the insula in both hemispheres of cases 1 and 2. Four types of NADPH-diaphorase staining were observed: (i) large darkly stained neurons, visible in both gray and white matter, with their dendritic and axonal arbors (Fig. 2A) ; (ii) small faintly stained cells, probably small neurons or glial cells; (iii) axons, including terminal arborizations; and (iv) small arterioles (but not capillaries). The distribution of the large NADPH-diaphorase-positive neurons was charted in the cortical areas as defined above. In all areas analyzed, almost no large stained neurons were found in layers I and IV (Fig. 9) and only a few large neurons in layers II and III. Layers V and VI had a relatively high density of large neurons in area TC (corresponding to A1) and in the lateral part of area TA (corresponding to area STA), and low density in areas TC/TG, TB, TD, IA, IB, and the posterior part of area TA (corresponding to areas AA, LA, MA, AIA, PIA, and PA). 
DISCUSSION
The human auditory cortex is the entry to the most powerful communication system and yet relatively little is known about its functional organization. Most current beliefs are derived from work on nonhuman primates or extrapolated from work on the human visual cortex. It is often assumed that the auditory cortex outside A1 contains several, perhaps functionally specialized areas. This has been shown to be the case in nonhuman primates. Macaque auditory cortex, defined as responding to auditory stimuli, comprises FIG. 7. Densitometric profiles of cytochrome oxidase staining density along a radial scan (14 µm wide) through layers I-VI of putative auditory areas. For each profile, layer I is to the left, the white matter to the right; the five short lines along the x-axis indicate the pial surface, the limits between layers I/II, III/IV, IV/V and the limit between layer VI and the white matter, respectively. The density is indicated in arbitrary units along the y-axis; values left to layer I correspond to the optical density of the glass slides and mounting medium, the peak to the maximum within the region measured. Note that in A1 and PIA the peak of the dark midcortex band was within layer IV, whereas in AA, LA, and STA it was shifted toward the layer III/IV boundary. The layers above and below the midcortex band had roughly the same density in A1, PIA, and AA, whereas in STA the supragranular layers were clearly darker than the infragranular ones. Bar, 0.5 mm.
the supratemporal plane and the adjacent parts of the superior temporal gyrus. Electrophysiological studies demonstrated the existence of five auditory fields of which three, A1 and the adjacent areas RL and L, are organized tonotopically (Merzenich and Brugge, 1973) . Areas lateral to A1 were shown to be selective for complex acoustic stimuli and were proposed to be part of a hierarchical sequence in which complex stimuli are processed (Rauschecker et al., 1995) . Some of the electrophysiologically defined auditory fields have a distinct architecture. A1 can be delineated on the grounds of its cyto-and myeloarchitecture; A1 and the field rostral to it stain very heavily for acetyl cholinesterase and cytochrome oxidase (Morel et al., 1993) . Several other areas were identified by cyto-and myeloarchitectonic criteria and were proposed to form three anteroposterior stripes (called root, core, belt; Galaburda and Pandya, 1983) .
Human Auditory Areas
We have used the cytochrome oxidase and acetylcholinesterase staining patterns, combined with cytoarchitectonic, to identify cortical areas on the human supratemporal and insular cortex. The following criteria were taken into account for defining a cortical area: (i) cytoarchitectonic differences, as described by von Economo and Koskinas (1925) ; (ii) differences in the overall intensity of cytochrome oxidase staining; (iii) differences in radial profiles of cytochrome oxidase staining; and (iv) differences in acetylcholinesterase staining pattern. By these criteria, eight putative cortical areas were defined (Table 4) ; five were on the supratemporal plane (A1, and areas AA, PA, LA, MA), one on the posterior part of the superior temporal gyrus (area STA), and two on the insula (areas PIA, AIA). The pattern of NADPH-diaphorase staining showed little variations between areas and was not used as criterion.
Cortical areas identified in this study varied in size between 0.4 and 4.5 cm 2 (Table 3 ). The size of the primary auditory area as identified by us was between 2.3 and 3.1 cm 2 , which is within the range given by von Economo and Horn (1930) for area TC. Auditory areas surrounding A1 measured between 0.4 and 4.5 cm 2 ; i.e., 0.2 to 1.6 times the size of A1. Three of them (AA, PA, STA) were on average smaller than A1, and three (LA, MA, AIA) larger. According to our estimates, there was more variability in the size of auditory association areas than in the size of A1. Comparison with the visual cortex reveals that A1 is much smaller than V1, but that auditory association areas are about the same size as extrastriate visual areas. Recent estimates from flatmounted cytochrome oxidase-stained sections indicate that human V1 is as large as 11 ϫ 4 cm (Tootell and Taylor, 1995) . Human extrastriate visual areas tend to be much smaller than V1; V5/MT, an area believed to be specialized in perception of visual motion, is ca 1 ϫ 2 cm (Clarke and Miklossy, 1990; Clarke, 1994; Tootell and Taylor, 1995) , which is roughly 0.05 times the size of V1.
Recent data from electrophysiological studies suggested that there are several tonotopically organized areas on the human supratemporal plane. Pantev et al. (1995) reported two, Liegeois-Chauvel et al. (1995) three tonotopic maps, and Talavage et al. (1997) several tonotopic gradients. One of these areas corresponded to A1 because of its location on Heschl gyrus. It remains, however, uncertain which other areas correspond to the other tonotopically organized areas.
The functional specialization of putative cortical areas described in this study can be only derived from indirect comparison with activation studies by others. To make individual and interstudy comparisons possible, we calculated Talairach coordinates of the cortical areas. Working with postmortem material offers several sources of imprecision. Gross distortion may occur when brain tissue is fixed outside the skull. 1 To avoid this, we have placed the brain immediately after removal from skull into a skull-shaped container made of perforated plastic and perfused it in this position. Lack of appropriate measures can compromise precise localization of a given section within the brain. We opted for detailed photographical recordings at all For each hemisphere measured, the area surface is given in cm 2 (left column), in percentage of the total surface occupied by the identified areas (middle column), and in proportion to A1 (right column; A1 ϭ 1).
a PIA may be coextensive with the cytoarchitectonic area IB and contain 2 compartments: a cytochrome oxidase dark one in its posterosuperior part (the size of which is given here) and a light one in its anteroinferior part.
FIG. 8.
Photomicrographs of acetylcholinesterase stained sections through the superior part of the temporal lobe and the insula (right hemisphere of case 1). Pia is up, white matter down. Note the differential distribution of stained neurons and axonal plexuses within different areas.
steps of the processing. In particular, we photographed (i) standard views of the whole brain; (ii) medial views of each hemisphere; (iii) anterior and posterior views of the coronal slices, taken in a reference frame that recorded reference points for anteroposterior alignment; and (iv) the frozen blocks during cutting. Serially cut sections were collected in separate containers, allowing for an anteroposterior spatial resolution of 160 µm or less. Photographs (i)-(iii) were used for calculating the position of the proportional grid in each hemisphere, (iv) for correction of distortions that occurred in histological sections during the staining and mounting. Thus, combination of (i)-(iv) allowed us to determine Talairach coordinates of any point within a histological section. Despite these precautions, we cannot exclude that our coordinates of the cortical areas are not distorted with respect to the living brain and our coordinates have to be taken with caution. However, it has to be also considered that activation studies, especially when analyzed in terms of groups of subjects, are subject to imprecisions.
The Talairach coordinates of eight temporoinsular areas in the left and right hemispheres of cases 1 and 2 are listed in Table 5 . We observed certain interhemispheric and interindividual variability in the position of what we believed to be corresponding areas. This variability may be due to different distortions occurring in different hemispheres or may reflect genuine interhemispheric and interindividual variations. Penhune et al. (1996) analyzed MRI from 20 normal subjects and found that right A1 (identified by its position on Heschl's gyrus) was on average 5 to 8 mm more rostral then left A1. We found the same asymmetry in postmortem material.
When comparing the coordinates of cortical areas with those of activation foci reported by others, it appears that six of eight cortical areas are most likely activated by auditory stimuli (Figs. 10 and 11 ). Foci falling within or being very near areas A1, AA, PA, and LA were activated in tasks that involve listening to environmental sounds (Engelien et al., 1995) or to music (Sergent et al., 1992) , making pitch judgment or using musical imagery (Zatorre et al., 1996) when the control task is rest or visual. When words or speech were used as stimuli, as compared to tones or noise, activation foci coincided with left or right area LA or were anterior to it on the left side (Demonet et al., 1992; Zatorre et al., 1992; Fiez et al., 1996) . Moving sound, as compared to stationary sound, activated selectively the right insula, most probably corresponding to area AIA (Griffiths et al., 1994) . Area AIA was, however, also activated by nonauditory stimuli, such as contralateral tactile vibration or pain stimuli (Coghill et al., 1994) .
The functional role of area PIA remains unclear. It seems to be involved primarily in vestibular and not auditory functions. Vestibular stimulation by cold water activated contralateral PIA (Fig. 11) , but also contralateral LA and A1 (Bottini et al., 1994) . The latter could be ascribed to the noise produced by water circulating in the external acoustic canal.
Hierarchical and Parallel Processing within Human Auditory Areas?
Comparison between activation studies and our studies suggests that areas A1, AA, PA, LA, MA, and AIA are involved in auditory processing, and area PIA in vestibular processing. As in the visual system (for review see Felleman and Van Essen, 1991) , auditory areas may be organized in a hierarchical system. Although we do not have data on layers of origin and termination of corticocortical connections of human auditory areas, we may be able to derive some information on a putative hierarchical order from the cytochrome oxidase and acetylcholinesterase patterns. Primary sensory areas receive their main input from thalamic afferents and tend to have a distinctly dense cytochrome oxidase staining in layer IV (for V1 see, e.g., Wong-Riley et al., 1993) . Conversely, high level association areas rely more on input from hierarchically lower level areas (Van Essen, 1985) and may therefore display a relatively high cytochrome oxidase activity in supragranular layers. A1 and area PIA had a cytochrome oxidase profile that was compatible with a Note. COX, cytochrome oxidase staining pattern (type alpha, dark band in layer IV; beta, less prominent dark band in centered on layers III and IV; gamma, no prominent dark band, supragranular layers darker than infragranular ones); AChE, acetylcholinesterase staining pattern (type F, predominantly fiber staining; N, predominantly neuronal somata staining; FN, fiber and neuronal somata staining of comparable importance). primary sensory area: dark band prominent within layer IV, and similar staining in supra-and infragranular layers. Area STA had a very different profile, with a much less prominent band in layers III and IV and with darker staining in supra-than in infragranular layers; this profile may be compatible with a high order association area. Areas LA, PA, MA, AA, and AIA had an intermediate profile and may correspond to early auditory areas of an intermediate level between A1 and area STA.
Previous studies showed that the pattern of acetylcholinesterase staining varies considerably within the human neocortex and can be used to distinguish primary sensory from association cortices. However, no comparison has been done with cytochrome oxidase staining pattern. Mesulam and Geula (1994) found that in acetylcholinesterase-stained material, the primary sensory cortices, including A1, have a moderate density of axons and a low density of pyramidal neurons. The ''upstream'' auditory association cortex (defined as unimodal association cortex receiving direct input from the primary sensory cortex) contained slightly less axons and more pyramidal neurons than A1. The ''downstream'' auditory association cortex (defined as unimodal association cortex more than one synapse from the primary sensory cortex) was relatively rich in axons. Hutsler and Gazzaniga (1996) analyzed acetylcholinesterase staining in human auditory and language cortices. They found that A1 contained a dense mesh of fibers, but almost no neurons, whereas adjacent cortical regions contained less axons and more neurons. Posterior auditory regions contained a relatively high density of pyramidal neurons and axons. We have found a similar gradient in acetylcholinesterase staining. Areas A1 and PIA displayed characteristics compat- ible with primary sensory areas. Areas AA, PA, MA, and AIA were rather similar and compatible with ''upstream'' association areas. Areas LA and STA differed from the latter and had a profile compatible with a ''downstream'' association area. The hierarchical organization within the human auditory cortex proposed by previous studies (Mesulam and Geula, 1994; Hutsler and Gazzaniga, 1996) was confirmed here. However, our results suggest a structure within which a certain degree of parallel processing could take place. The intermediate level (or ''upstream'' association cortex) may comprise as much as four areas (PA, MA, AA, AIA) which may belong to functionally distinct processing streams. Anterior insula, corresponding to our area AIA, was shown to be selectively activated by auditory motion (Griffiths et al., 1994) . Conversely, a lesion including the insula as well as large parts of the parietal cortex was shown to impair auditory motion perception (Griffiths et al., 1996) . Such a specialization speaks in favor of parallel processing, such as described in the extrastriate visual cortex. Furthermore, parallel processing seems to play an important role in human verbal and nonverbal auditory recognition, as apparent from neuropsychological studies (Clarke et al., 1996) .
Differences in NADPH-Diaphorase Staining Pattern between Cortical Regions
NADPH-diaphorase staining pattern did not differ significantly between the putative cortical areas on the supratemporal plane and the insula. The darkly stained cells were nonpyramidal neurons, predominantly in infragranular layers. However, this distribution is different from that found in other parts of the human cerebral cortex. In human V1, darker stained cells were also nonpyramidal neurons, but they were found mainly in supragranular layers (Hadjikhani and Clarke, 1995) .
FIG. 10.
The position of A1 and five putative auditory association areas on the supratemporal plane. Colored dots indicate the Talairach coordinates of centers of the corresponding auditory areas as determined in cases 1 and 2. The extent of the areas indicated corresponds to the average extent of the area (determined as the region were these areas overlapped in both cases plus the adjacent half of the region occupied by the area in a single case). Symbols indicate activation foci to auditory stimuli from quoted studies. The same brain outlines were used here for the left and right hemispheres. Note, however, that right A1 was more anterior than left A1, confirming thus in vivo observations (Penhune et al., 1996) .
In human primary motor cortex, darkly stained neurons included Betz cells (Wallace et al., 1995; own unpublished observations) .
